Formula Hybrid is a collegiate design competition sponsored by the Society of Automotive Engineers. The competition is a spin-off of the Formula SAE series and requires that students design, build and race an electric-internal combustion engine hybrid automobile. To assist the design process of Texas A&M's first Formula Hybrid entry, formal functionality-based conceptual design tools were applied to explore and select potential powertrain concepts. These tools included behavioral modeling along with a functionality-based sensitivity analysis. Two levels of model fidelity were used. The first (low) fidelity level was used to screen a large number of powertrain concepts. The second (high) fidelity level was used to select from a smaller but more refined set of concepts. Ultimately, four concepts were identified as suitable to use in a Formula Hybrid car. The results of this analysis were presented to the Texas A&M Formula Hybrid team. The team eventually selected a concept similar to one of the top four concepts in the study (the electric motor, battery capacity, IC engine and powertrain configuration were nearly identical as those used to parameterize the model in the analysis). Texas A&M's Formula Hybrid team went on to win the 2009 Formula Hybrid competition by scoring 980.9 points out of 1000 (the 2 nd place team scored 757.7 points). The results of the analysis done for the Texas A&M Formula Hybrid team are presented in this work along with the suggested powertrain concepts.
INTRODUCTION
To demonstrate the application of functionality-based behavioral modeling and sensitivity analysis tools within the context of a system's design process, a comprehensive analysis was performed for a Formula Hybrid racecar powertrain. Formula Hybrid is a recently conceived collegiate engineering design competition that is a spin-off of the Formula SAE racing series. The objective of the Formula Hybrid competition is "to encourage and promote the development of high-efficiency automotive drive trains" [1] . The competition uses the existing set of Formula SAE rules [2] .
For the Formula Hybrid competition, an open-cockpit racecar that utilizes a combination of electrical and internal combustion engine based propulsive energy must be designed, constructed and raced.
The selected design project had several attributes that made it suitable for use in this study. These attributes included:
1. Be primarily, but not exclusively, comprised of elements from the authors' engineering domain (mechanical), 2. Have a clearly defined customer and pre-existing set of needs, 3. Be appropriately scoped in scale, 4. Be topical and relevant to the challenges faced by today's engineering designers, 5. Be capable of being assessed by a set of well-defined metrics with prior examples of the design problem being available for comparison.
Another primary factor in the selection of the example was that Texas A&M's Formula SAE race team was switching to compete in Formula Hybrid in the 2009 competition year. As a result, a preliminary research class was conducted in the Spring 2008 Semester to explore various aspects of the competition and high-level requirements for the design of a hybrid racecar. The activities conducted in the class represented some of the earliest stages in a structured design process and will be included later in the presentation of this work. By selecting the design of a Formula Hybrid racecar as the primary example of this work, it was possible to leverage the work done in the research class and provide a significant advantage to Texas A&M's Formula Hybrid team in future years.
Additionally, the design of a hybrid vehicle is very relevant to today's engineering world as well as the consumer market in light of global concerns into the use of alternative energy sources. The success of the design can be benchmarked using the points system supplied by the Formula SAE and Hybrid rules. This enables different design concepts to be compared to each other as well as to prior Formula Hybrid entries. Most importantly, the Formula Hybrid example represents a sufficiently complex system to demonstrate the usefulness of the functionality based modeling tools used. The relevance to modern engineering design challenges also means that there is the potential to apply these results to the industry at large.
The design problem was scoped to a single system of the car that demonstrated all of the required aspects of a complex system. The selected aspect of the car was the powertrain as this represents the most significantly changed system over a traditional FSAE car and includes the aspects of hybrid vehicle design that are most critical to its success. The powertrain system of a car includes the aspects of the car that store, supply, convert and transfer the propulsive energies used to accelerate the car in the longitudinal direction. The work presented here represents the partial results of this project. The complete results are included in [3] .
PRE-DESIGN (PRODUCT PLANNING)
Before the design process was initiated, certain pre-design activities were completed. These activities correspond to those that are recommended in the Product Planning stage of design by Pahl and Bietz [4] and several other authors [5] [6] [7] . These activities included identifying specific objectives for the design process and developing system-level requirements.
The ultimate result of the early design process is a concept that is to be further developed into a complete design that will then be manufactured, tested and implemented within a complete Formula Hybrid entry. The overall functionality of the powertrain system can be simply summarized: develop and manage the propulsive energies required to produce a vehicle capable of winning the Formula Hybrid competition.
For this design project, the following objectives were established based on the needs of the team as well as the FSAE and FH rulebooks:
• Produce a design that can be practically implemented by the team, • Produce a design that is capable of winning future competitions, • Design must stay in budget, • Produce a vehicle with very high performance (FSAE), • Use as many common parts as possible (FSAE), • Use good engineering practices (FSAE), • Create an efficient product (FH), • Produce a system that is easy to maintain (FSAE), • Produce a system that is safe (FSAE).
From the overall functionality and the stated objectives, a set of high-level requirements was generated. To facilitate the development of requirements and provide a common representation format, a standard requirements table was used. The requirements table includes the object for the requirement, the level (system, sub-system, etc.), the requirement itself and any references for the requirement. Each requirement is listed in sentence form and uses the "shall" language to promote uniformity in the description. The high-level requirements for the FH design appear in Table 1 . 
DESIGN PROCESS

Assessing Needs
Since most of the needs of the customer are described in the Formula SAE and Formula Hybrid rulebooks, performing a customer need assessment for this project was relatively simple compared to traditional design projects.
The bulk of the customer's needs were derived from the rules and the remainder assessed from any additional needs of the team. The objectives and requirements developed in the pre-design activities represent most of these needs. Essentially, the primary need of the customer is to produce a highly competitive design that meets all rules and regulations.
To satisfy this need, the team must outscore the other competition entries at the event.
The Formula Hybrid competition is relatively new but there is data available that can be used to estimate the potential performance of the competitors. Table 2 presents the scoring results from the top five teams in the 2008 Formula Hybrid competition [1] . Since the points scoring is relative to the performance of the participating teams, it is difficult to use raw score as a competitive benchmark. However, the timing results for the events are available as well. The timing results can be used to develop a set of benchmarks for assessing the performance of the car to be designed and hence its ability to outscore competitive teams.
During the performance target establishment activity later in the design process, this scoring information was used to set target values for the performance of the car to be used in selecting potential concepts. 
Translating Needs Into Functionality
From the customer needs, a set of desired functions for the powertrain system was developed. These functions were defined and represented using the formal functional modeling method and Functional Basis shown in [8] . The model used for the powertrain example appears in this section along with its derivation. The model, shown again in Fig. 3 , represents the highest-level intended functionality of the hybrid powertrain system. In this example, only post transmission torque-coupled parallel hybrids are considered. This decision resulted from the consensus of the Texas A&M Formula Hybrid design team. This configuration represents one of the simplest hybrid powertrain configurations and represents the smallest change from Formula SAE architecture that produces a Formula Hybrid legal car.
Series hybrid powertrains were not considered due to their increased complexity (the need for two electrical machines) and the absolute reliance on an electrical machine for all propulsive forces. Series coupled hybrids (in the context of Formula Hybrid) use an internal combustion engine connected to a generator, which is in turn connected to an energy storage device. The energy is then supplied to motor and finally to the drivetrain of the vehicle. Such a system requires two separate electrical machines, each of which carries a significant weight burden.
Speed coupled parallel powertrains were not considered due to the added complexity of such systems over a fixed-ratio torque coupled system. Speed coupling requires a variable speed transmission between the motor and drive system of the car and adds significant complexity and weight over a torquecoupled system that uses a fixed mechanical coupling between the engine and motor. 
Finding and Quantifying Characteristics of the System
Although the list of customer needs is relatively short and simple to describe, translating these needs into a comprehensive set of requirements was a significant challenge. High-level requirements have already been defined from the overall objectives of the powertrain system. However, to meet the need of passing all of the FSAE and Formula Hybrid rules and regulations, an extensive list of requirements was developed from the perspective of the entire car. These requirements were generated using the rulebooks as a guide. The requirements were then sorted and partitioned into manageable sets for use in analyzing specific requirements for the hybrid powertrain system. A high-level list of requirements appears in Table A1 .
Only a fraction of these requirements are relevant to the early engineering design process. Most involve specific aspects of a physical implementation that cannot be addressed until significantly later in the design. As a result, the requirements had to be sorted to produce a set for consideration for the remainder of this design exercise. Each requirement was individually assessed for its relevance during conceptual design and regrouped to produce a new set of requirements. This reduced set appears in Table A2 and will be used for the remainder of the early design process.
Develop Performance Metrics for Requirements
The next step in the design process was to distill the requirements into a set of performance metrics that could be used to assess the ability of concepts to meet the requirements and hence satisfy the customer's needs. These metrics were a set of numerical quantities (or logic statements) that quantify (or qualify) the satisfaction of requirements. For the hybrid powertrain the metrics used are shown in Table 3 along with units and the reference requirements. The first metric assessed was cost. Cost is not directly associated with the performance of the car at competition but must be used to assess the ability of the team to construct the car. This metric was identified to represent Requirement S1.5 (see Table A1 for requirement references), which involves the team keeping in its budget.
Requirement S2, developing a design that has the capability to win the competition, was one of the most important requirements. To assess the satisfaction of this requirement, the estimated dynamic event score metric was used. This metric was calculated based on estimates of event performance using 2009 score normalization algorithms to compare concepts. Since efficiency is built into the scoring system, the car's energy efficiency is also assessed by this metric.
To meet Requirement S2.2, the car must pass the electrical acceleration event. Otherwise, the car is not considered a hybrid and is not eligible for the competition. This requirement was assessed with a pass/fail metric that represents the estimated ability of the design to pass this event.
As this design process represented a first attempt at creating a hybrid powertrain system, understanding the parametric sensitivities of the system was necessary in order to allocate sufficient modeling and design resources in the embodiment and detailed stages of design. To this end, a functionality-based sensitivity approach was applied during the design process of the powertrain system.
Finding a Model and Assessing Behavior
The behavioral models for this system were developed at two levels of fidelity using the method described in [3, 9] . The first fidelity level (Type I) was a coarse level based on principles of power and energy conservation. To use this model, various parametric configurations were necessary. Although the development of the Type I model required minimal assumptions regarding the form of a system, the parametric instantiation of the model requires knowledge of feasible values for the various parameters included in the model. For the Type I analysis of the hybrid powertrain, several solutions to each of the functions were identified through brainstorming sessions with the Texas A&M team and surveys of existing solutions to these functions. The parametric values used to represent these conceptual solutions appear in Table 4 . An example of a Type I model element appears in Fig. 4 .
An automated model assembly and solution method was used to evaluate the developed models. This method is described in detail in [3] . The results of this analysis were sorted based on predicted Formula Hybrid points using the total analyzed solution space to normalize the scores. The ranked concepts appear in Fig. 5 . 
Fig. 5. Type I Model Point Scoring Predictions
From this Type I analysis, several predictive results were obtained. Due to the normalization factors, the endurance event, although worth the most points, provides a relatively small point differentiation between concepts. This results from the assumption that each concept will not fail during the event and will be operated at its maximum potential throughout the event. Although these assumptions are rarely seen in the actual results of the Formula Hybrid competition, they are appropriate within the context of an early powertrain analysis.
Under these assumptions, all concepts are predicted to complete the endurance event in a time significantly less than the maximum weighted time of one hour and will automatically receive a minimum of 300 points with the remainder weighted based on the one hour minimum time and the quickest time recorded from all of the concepts. The resulting points breakdown shows that as long as the powertrain provides enough propulsive energy to produce an endurance time significantly less than one hour, most of the points available in the event will be awarded. For the acceleration events, all concepts resulted in a relatively even number of points due to the weighting formula used in these events. Essentially, each concept finished the event in a time significantly less than 15s (the maximum weighted time) so it received most of the available points. Interestingly, the weighting of the autocross event (3.5 points for the slowest car and 150 for the fastest) provides the largest opportunity to separate the performance of a design from the other competition entries. Essentially, this event allows a 146.5 point difference between the fastest to slowest cars. Thus, it is highly important that this event be completed as quickly as possible.
The results of the analysis show that the best concepts are ones that include the highest performance internal combustion engines and electric motors with the lightest accumulators considered. Essentially, the performance gains from these choices overcome the addition of their extra weight (from a powertrain perspective). Although this seems like an obvious conclusion, without the modeling efforts it is not possible to know exactly how to trade off the extra weight for the additional performance.
At the completion of this analysis, it was determined that small motors were not worth considering for the remainder of the analysis. Additionally, the Sep. Ex. motors were removed as they did not provide any benefit over the AC motors. The PM DC motor was not ruled out due to its prevalence at the Formula Hybrid competition (many successful teams use this motor), low cost and availability. Performing a downselection of solutions at this point in the design process allows more resources to be focused on the concepts with the highest predicted performance later in the design process
SENSITIVITY ANALYSIS
A sensitivity analysis is a useful tool for understanding the important parameters and functions within a model. Knowing this information allows attention and resources to be focused on the most significant sources of variation in the performance of a system. To this end, a HyVar functionality-based sensitivity analysis [3, 9] was performed using the hybrid powertrain Type I models to obtain a break down of the sources of variation in the system's performance.
The sensitivity analysis was performed for three of the four dynamic events. The endurance sensitivity was not included in this example due to the significant increase in solution time over the endurance performance solution time. Since the relative performance of the various concepts did not have a large impact on the point score for the endurance event, this decision was appropriate. For the three remaining events (the accelerations and autocross), the dependant variable in the sensitivity analysis was selected to be the completion time of the event. For each sensitivity analysis for each concept, a full parametric sensitivity analysis was performed and the results grouped according the functional breakdown of the system. The average relative contribution to the overall variation of performance for the unrestricted acceleration event appears in Fig. 6 . Functions not included in this chart had a 0% contribution to overall sensitivity. Similar charts were prepared for the other competition events and are shown in [3] .
Fig. 6. Unrestricted Acceleration Event Sensitivities
Prescribing Targets
The results of the behavioral analysis showed that the autocross event offers the most significant opportunity to gain points on other competition entries. In the analysis, the low and medium energy accumulators offer good performance but there are some effects that were not modeled that may show up in a more detailed analysis. The predicted times for the acceleration events are low (3.12s and 3.88s for the quickest unrestricted and electrical only events times respectively) compared to a winning time of around 5s for both events last year. Traction limits and the inability to operate the power devices at peak power levels throughout the events explain this result. As a result, the absolute values predicted from this analysis could not be used to make confident predictions of the actual cars performance. However, the relative ranking of concepts provides an indication of which concepts have more performance potential than others.
For example, the power/mass trade off for the motors and engines looks to favor power. A mass of around 315 kg and a cost of around $5100 is the average among concepts. Slightly more mass, around 320kg and a cost around $6000 provides top-level performance.
DESIGN SYNTHESIS
The next step in the design process for the hybrid powertrain was to find appropriate solutions to the functions of the system and combine them into concepts. Next, the behavior of these concepts was investigated along with its sensitivity. This behavior was then used to perform another downselection and ultimately resulted in a set of feasible concepts to be considered for implementation in the racecar.
Finding and Combining Forms
In the Type I analysis, general information about component solutions to functionality was used to develop parameter sets for use in the model. The model itself, being targeted for a Type I analysis, was not developed with the specific performance characteristics of the available (or possible) component solutions to functionality. After a set of feasible component solutions was known, a more focused component solution identification process was completed. Due to the requirement of using common and off-the-shelf components where possible, it was necessary to identify existing solutions for as many of the powertrain functions as possible. The provision electrical energy, convert electrical energy to rotational energy and convert chemical energy to rotational energy functions could all be solved with commercially available components.
It was determined that commercially available lithium-ion battery packs for power tools provided the best combination of availability, cost and performance. These packs were used to develop appropriate accumulators to solve the provision electrical energy function. Specifically, combinations of 36V power tool packs utilizing li-ion cells were identified as the most appropriate technology to use. Additionally, 72 Volts was selected to be the nominal voltage of the accumulator due to the availability of motors in this range. Within the context of these design choices, there are several important factors to investigate. Specifically, the parameters include battery pack capacity (in amp*s), cost, and mass along with motor selection.
Additionally, an appropriate internal combustion engine had to be selected to complement the electric motor and provide suitable performance. Without a detailed model of these components and their contributions to system-level performance, it is not possible to make an informed decision as to the best set of solutions. As a result, a more detailed behavioral analysis of the system was required based on the new information available from making these design decisions.
To make these models, the set of potential component solutions to the major functions of the hybrid powertrain system was limited to those appearing in Table 5 . From this selection, higher fidelity (Type II) models were made to explore the performance on the system. 
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The number of solutions identified for each powertrain function were selected so that an exhaustive search of the space generated by permuting these solutions was feasible. The total number of solution combinations generated was 36. To model each of these 36 solutions, the same behavioral model assembly and solution method and functionality-derived behavioral modeling approach used in the Type I analysis was applied.
For this analysis, a better approximation of the complete vehicle dynamics was desired. To this end, the functionality of the vehicle's suspension, wheels and tires was decomposed from a single function into two functions (one for the front and one for the rear).
This decomposition facilitated the development of a dynamic model that included longitudinal weight transfer effects and allowed the use of a high fidelity tire model. This tire model allows the effects of limited traction to be observed in the model and improves upon the assumptions made in the Type I analysis where potential traction was not modeled. This functional decomposition results in a new functional model for the system along with a new set of flows. For the Type II analysis developed for the hybrid powertrain system, the functional model and flow routing models shown in Figs. 7 and 8 were used. 
ASSESSING BEHAVIOR
Like the Type I analysis, a full parameterization for each solution to each function is required to use the model. For the solutions shown in Table 5 , model parameters were identified. A subset of the parameter values appear in Table 6 . An example Type II model for this system appears in Fig. 9 .
Fig. 9. Prov. Electrical Energy Type II Model Element
Using these parameter values, the performance of each of the 36 total concept permutations was predicted for the autocross, endurance and acceleration events. Like the Type I analysis, the Formula Hybrid score weighting system was used to rank these concepts by predicted point scoring capability.
The model elements used in this behavioral analysis were derived from first principles and vehicle dynamics [10] and hybrid vehicle design texts [11] [12] [13] .
Comparing Behaviors
The results of the Type II analysis were sorted based on predicted scoring capability and appear in Fig. 10 . The trends in this figure match those in the Type I analysis in that the autocross event represents the most significant source of total point variation in the competition. All of the concepts provided enough raw performance to finish the endurance event in significantly less time than one hour and as a result received most of the points available in this event. The performance in the unrestricted acceleration event did not significantly vary due to the 15s maximum weighted time. However, the electric acceleration event does show a significant variation between concepts and thus is shown to be a larger contribution to the relative performance of a concept than was determined in the lower-fidelity Type I analysis. 
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Fig. 10. Predicted Point Scoring from Type II Analysis
As with the Type I analysis, the best performance was achieved with large AC motors and as high of a performance engine as possible. However, unlike the Type I analysis, larger electrical accumulator sizes outperformed smaller ones for the concepts with large electrical motors. It is theorized that this result comes from the power losses incurred when large motors pull large amounts of current through a small accumulator (for a given type of battery and total accumulator voltage, the larger the capacity the lower the internal resistance). Since this effect was not modeled in the Type I analysis, it does not affect the results (this is shown in the zero percent contribution to sensitivity in the results of the Type I sensitivity analysis). However, the higher fidelity Type II analysis includes the resistance of batteries and its effect on the performance of the system. For example, the highest scoring concept completed the electric only acceleration is 5.0668s compared to the same concept with a smaller battery size completing the event in 7.1725s (both concepts did not significantly deplete the capacity of their batteries during the event). Thus, the low energy battery packs were removed from further consideration.
From the results, additional cuts were made from the set of feasible solutions.
The EM AC-2 motor provides no advantages over the EM AC-1 except a slightly cheaper cost. However, the cost difference was not determined to merit its inclusion in further analyses. Likewise, the prototype engine offers significant performance over the WR250X and at the time of the analysis, engines of this kind were available. Thus, the WR250X was excluded from the set of solutions. Although the performance of the permanent magnet DC motors was significantly less than that of the AC motors, their availability and proven performance at competition was judged sufficient to retain them in the analysis. A concept with a small industrial engine and large accumulator provided a reasonably high score at 662 points but due to the need to develop a multi-ratio gearbox for this engine it was decided to exclude it from the analysis as well.
As with the Type I analysis, a sensitivity analysis was performed once infeasible performing solutions had been culled. The same sensitivity analysis technique was used to create a breakdown of the parametric sensitivities of the system's performance based on functional boundaries. A chart illustrating this breakdown for the highest scoring concepts appear in Fig. 11 . Unlike the Type I sensitivity analysis, most of the functions in the system produced significant contributions to the overall performance of the concepts.
By using a functional grouping of the parametric sensitivities, it is possible to directly compare the impact of each powertrain function on the overall performance of the system between various configurations. As shown in Fig. 11 , the significance of each function can vary greatly between different physical solutions. The sensitivity with respect to the functionality of the motor was roughly equal for the AC and DC concepts as was the sensitivity with respect to the internal combustion engine. However, the DC concepts proved to be much more sensitive to variation in the functions performed by the rear suspension/wheels/tire. This result at first seems counterintuitive, but results from the sensitivity of the system to the overall mechanical advantage between the motor and the tire/ground interface. AC motors, which operate primarily in a constant power regime, are much less sensitive than the DC motors used, which operate in a constant torque/current limited regime as implemented (with fixed ratio gearing). As a result, the DC motor is rarely at its peak power level. This effect is readily apparent in the significant increase in electric only acceleration time for the concept using DC motors as compared to those using AC motors. As seen in the difference between the sensitivity profiles resulting from the Type I analysis (Fig. 6 ) and the Type II analysis (Fig. 11) , the contribution to sensitivity can change significantly between the two analysis types. The Type I autocross analysis breaks down the overall contribution to three functions: convert electrical energy to rotational energy, convert chemical energy to rotational energy and distribute mechanical energy. These functions represent the electric motor, IC engine and chassis respectively. The Type II analysis of the best AC concept (concept 1 in Fig. 11) shows that the motor and engine still contribute significantly to the overall sensitivity of the system but the contribution of the chassis is significantly less and the other elements of the system show significant contributions (unlike the Type I analysis). This results from the difference in the models used between the Type I and Type II analysis. In the Type I analysis, a lumped parameter model of the chassis was used. In the Type II analysis, the effects of the suspension were modeled and included in separate functions. Additionally, the increase in fidelity between the two analyses meant that more parameters and behaviors were included for each function. For the AC concept, this meant that the contribution of the chassis was reduced and replaced by elements that became more important once the fidelity of their models improved.
For the DC concepts (concepts 3 and 4 in Fig. 11 ), a different phenomenon is seen. In the Type II analysis, the transfer mechanical energy function representing the rear suspension and wheel/tire combination became one of the most significant contributions to sensitivity. This result seems out of line with the Type I analysis and the AC Type II analysis but has a simple explanation (as stated earlier). The inclusion of higher fidelity models in the Type II analysis allows this inconsistent, but explainable, behavior to be made apparent. Thus demonstrating the importance of performing a functional sensitivity contribution analysis for each model type and concept.
Selecting Concepts
From the results of the Type II analysis, four concepts were selected. The first selected concept utilizes the EM AC Motor Variant 2 (the larger of the two EM AC motors), a medium energy battery pack (8 Packs) and the prototype engine. This concept offers exceptional performance (the third highest out of the entire considered set) with a significant cost decrease over the top performers. The second concept identified was the highest performing concept that utilizing the EM AC Variant 2 motor, 16 packs and the prototype engine. This concept is the most expensive at $8400 but offers the best performance predicted through the analysis. Additionally, since concepts 1 and 2 are highly similar, either could be built and then adapted to meet the specifications of the other in subsequent testing. The final two concepts used the PMG 132 PM DC motor. These concepts offer good performance (around 640 points out of 700 in this analysis) but use a motor that is more available than the AC motor and has been tested in competition. These two concepts also offer significant cost and mass savings over the AC concepts. The primary advantage of the AC powered concepts is the reduced electrical only acceleration time. The predicted performance of these four concepts along with cost and mass appears in Table 7 . 
Design Process Conclusions
A structured design method built around the use of behavioral models and sensitivity analyses was performed for a hybrid powertrain system intended for use in a Formula Hybrid racecar. Feedback from the Texas A&M Formula Hybrid team was used throughout the process to assist in the selection of solutions and generation of customer needs. In this process, a large number of initial concepts was conceived and evaluated using a Type I behavioral and sensitivity analysis. The results of this analysis were then used to reduce the set of concepts to enable a more detailed analysis.
The reduced set of concepts was then used to perform a more focused search for solutions to conceptual functionality. The results of this search were then used to develop Type II behavioral models for the elements of the system. An exhaustive study of the behavior of the identified solutions was then performed along with another sensitivity analysis. The results of these analyses were then used to identify a set of feasible concepts for implementation within the racecar. The use of a structured design process and function-based design tools allowed consistent comparisons to be made between the results of the Type I and Type II analyses and provided a clear path for iteratively identifying, analyzing and selecting solutions. The analysis allowed a guided decision making process that translated a broadly scoped complex engineering design problem into a series of sequential actions that resulted in a narrowing of the available solution space to a small number of quantitatively evaluated viable solutions. Additionally, the method was structured in a manner that allows further analysis of these concepts to be performed using the same framework and basic iteration of activities.
This design process was performed in conjunction with the design activities of the 2009 Texas A&M Formula Hybrid team. Results from the various stages of the analysis were presented to the team and feedback on potential component solutions was obtained from the team. As a result, the configurations selected for the analysis and components considered matched those available to the 2009 team. The design ultimately selected by the Formula Hybrid team closely resembled concepts 3 and 4 from Table 7 . The primary difference between these concepts was battery capacity. Concept 3 used 16 36V battery packs while Concept 4 used 8 packs. The design selected by the Formula Hybrid team used the same IC engine, powertrain configuration and basic control scheme used in concepts 3 and 4 with a battery utilizing 12 36V packs. These selections were made after the completion of the design process presented in this work and after the results had been made available to the team. Thus, the design ultimately used by the 2009 Texas A&M design team closely matched one of the top concepts from the analysis. As implemented by the team, this design dominated the 2009 Formula Hybrid competition scoring 980.9 points out of 1000 with the 2 nd place team scored 757.7 points. The team's score in the dynamic events was 680.9 and correlates well with the scoring predictions shown in Table 7 . Concepts 3 and 4 most closely match the car as implemented and had predicted dynamic event scores of 640 and 643. The predicted scores were slightly lower than the actual score primarily due to the inclusion high performance concepts (like concepts 1 and 2) in the simulated results. Since no actual cars in the 2009 competition used the configurations modeled in concepts 1 and 2 (or others capable of a similar level of performance), the scores for lower performing concepts were all higher.
